A r t i c l e s of the cells were infected with the parasite; in contrast, greater than 20% of the PECs recovered at the same time point from Ifng −/− mice were infected (Fig. 1b) . However, examination of PECs collected from infected Nod2-deficient mice on day 12 showed that large numbers of infiltrating mononuclear cells contained parasites as well as numerous extracellular parasites (Fig. 1c) . Furthermore, in contrast to wild-type mice, which had few (<1%) infected cells and lower concentrations of serum IFN-γ, there was a 20-fold greater number of cells infected with tachyzoites and high concentrations of circulating IFN-γ in Nod2 −/− mice ( Fig. 1d and data not shown). Together these results suggest that the susceptibility of Nod2 −/− mice after parasite challenge seems to be due to a delayed impairment in the ability to control parasite replication at the site of infection.
Nod2 −/− mice show impaired T H 1 responses
As protective immunity to T. gondii is critically dependent on IL-12-induced IFN-γ production, we measured the concentrations of these two cytokines in the serum of Nod2 −/− mice during infection. During the course of infection, wild-type and Nod2 −/− mice secreted similar amounts of IL-12p40 (Fig. 2a) . In contrast, Nod2 −/− mice produced less IFN-γ than wild-type mice did on day 7 after infection ( Fig. 2b) . Thus, the delayed failure to control parasite growth in the peritoneal cavity of Nod2 −/− mice could be explained by insufficient production of IFN-γ after infection.
The main cellular sources of IFN-γ during T. gondii infection are NK cells 9 and T H 1 lymphocytes 4 . However, we observed no discernible difference in IFN-γ production by IL-12-stimulated wild-type and Nod2 −/− NK cells (data not shown) or by T. gondii-infected mice at day 5 ( Supplementary Fig. 2 ). Furthermore, in vivo antibodymediated depletion of NK cells during T. gondii challenge induced a similar decrease in the serum concentrations of IFN-γ on day 5 after infection in wild-type and Nod2 −/− mice ( Supplementary Fig. 2 ). These experiments suggest that Nod2-deficient NK cells show no defect in IFN-γ production and are consistent with reports that NK cells are an early source of IFN-γ during T. gondii infection 3 .
To address whether Nod2 has a role in promoting the generation of T H 1 responses, we immunized wild-type and Nod2 −/− mice with a γ-irradiated live uracil-auxotrophic strain of T. gondii (CPS), which is nonreplicative yet able to infect cells and induce protective immunity 10 . This strategy permits analysis of T cell activation and T H 1 differentiation in conditions of similar antigen exposure and yet circumvents host mortality. Using this approach, we detected a high frequency of effector CD4 + and CD8 + T H 1 cells, defined by intracellular expression of IFN-γ after in vitro restimulation, in the peritoneal cavity of wild-type mice on day 9 after immunization (peak of T cell response; Fig. 3 ). In contrast, Nod2-deficient mice after immunization had a lower percentage of IFN-γ-producing CD4 + and CD8 + T cells (Fig. 3) . However, we detected no substantial differences in the total number of CD4 + and CD8 + cells in the peritoneal cavities of wild-type and Nod2 −/− mice ( Supplementary Fig. 3a ). In agreement with the lower frequency of IFN-γ + effector T cells, the secretion of IFN-γ by Nod2 −/− PECs ex vivo was also impaired (Supplementary Fig. 3b ).
DCs have a major role in T cell priming and promoting IL-12-driven T H 1 immunity to T. gondii 11 . Therefore, the defective T cell response seen in Nod2-deficient mice could have been due to impaired DC function. To evaluate whether Nod2 −/− DCs have functional defects in processing and presenting T. gondii antigen, we used T. gondii-infected wild-type and Nod2-deficient bone marrow-derived DCs (BMDCs) to stimulate flow cytometry-purified peritoneal CD4 + T lymphocytes derived from CPS-immunized wild-type or Nod2 −/− mice at day 9. Both Nod2 −/− and wild-type BMDCs efficiently induced IFN-γ expression in wild-type CD4 + T cells (Fig. 4a) . Notably, IFN-γ production by Nod2 −/− CD4 + T cells remained attenuated, even in the presence of wild-type DCs. Consistent with the flow cytometry analysis, ex vivo cultures containing Nod2-deficient CD4 + cells secreted less IFN-γ when stimulated with parasite-infected wild-type or Nod2 −/− BMDCs (Fig. 4b) . To confirm that the blunted T cell response observed in Nod2 −/− mice was not due to impaired antigen presentation and/or T cell priming by Nod2 −/− DCs, we adoptively transferred wild-type (Thy-1.1 + ) CD4 + T cells into wild-type and Nod2 −/− recipient mice. We then immunized these chimeras with T. gondii. Similar frequencies of donor (Thy-1.1 + ) IFN-γ + CD4 + T cells were present in wild-type and Nod2 −/− recipients of wild-type T cells (Fig. 4c) . Collectively these findings indicate that Nod2 −/− DCs are functionally normal during T. gondii infection and suggest that Nod2 functions in a T cell-intrinsic manner to promote optimal T H 1 immunity to T. gondii.
T cell-intrinsic role for Nod2
To directly assess the function of Nod2 in T cells, we adoptively transferred wild-type and Nod2 −/− CD4 + T cells into T cell antigen receptor-β-deficient (Tcrb −/− ) or Nod2 −/− Tcrb −/− recipients. We then immunized the reconstituted mice with CPS and assessed the frequency of effector T cells 9 d later. Nod2 +/+ Tcrb −/− and Nod2 −/− Tcrb −/− recipient mice reconstituted with wild-type CD4 + T cells had high frequencies of IFN-γ + CD4 + T lymphocytes after parasite challenge (Fig. 5a) . However, there was a significantly lower percentage of IFN-γ + CD4 + T lymphocytes in mice reconstituted with Nod2-deficient CD4 + T cells regardless of the genotype of the recipient mice (Fig. 5a) . The impaired CD4 + T cell response was consistent with the lower IFN-γ production by PECs from Nod2 +/+ Tcrb −/− and Nod2 −/− Tcrb −/− mice reconstituted with Nod2 −/− CD4 + T cells (Fig. 5b) . Finally, the resistance of Nod2 −/− mice after T. gondii infection was enhanced by the presence of wild-type T cells (Supplementary Fig. 4 ). Together these findings indicate that the impaired T cell response observed in Nod2 −/− mice during infection is associated with an intrinsic defect in Nod2-deficient T cells.
Nod2 in helper T cell differentiation and IL-2 production
To better understand the function of Nod2 in an in vitro antigenspecific T cell response, we stimulated naive Nod2 −/− ovalbumin (OVA)-specific OT-II T cell antigen receptor (TCR)-transgenic cells with OVA-pulsed BMDCs. Wild-type and Nod2 −/− OT-II cells stimulated with OVA expressed similar amounts of early activation markers, such as CD25 (Fig. 6a ) and CD69 (data not shown). This unimpaired T cell activation was also reflected in the similar frequency of activated CD44 hi CD62L lo CD4 + lymphocytes (Fig. 6a) . However, unexpectedly, Nod2 −/− OT-II cells stimulated in the presence of wild-type or Nod2 −/− DCs showed impaired IL-2 production (Fig. 6b) . IL-2 has a critical role in T cell priming for the production of both IL-4 and IFN-γ 11 . To investigate whether the impaired IL-2 production by Nod2 −/− T cells resulted in attenuated T H 1 or T H 2 cell development, we cultured naive wild-type OT-II cells and Nod2 −/− OT-II A r t i c l e s cells in T H 1-or T H 2-polarizing conditions. In T H 1 conditions, the wild-type T cells produced high concentrations of IFN-γ. In contrast, the differentiation of naive Nod2 −/− T cells into T H 1 cells was severely impaired (Fig. 6c) . IL-4 production by Nod2-deficient cells cultured in T H 2-polarizing conditions was also significantly lower ( Fig. 6c) . To determine whether the lower IL-2 production by Nod2 −/− T cells was accountable for the impaired helper T cell differentiation, we added exogenous IL-2 to the cultures; exogenous IL-2 was sufficient to 'rescue' the impaired T H 1 and T H 2 differentiation of Nod2 −/− T cells (Fig. 6d) .
General role of Nod2 in T cell responses
Our finding that Nod2 functions in a T cell-autonomous way raised the question of whether other T cell responses would be adversely affected by Nod2 deficiency. To address this possibility, we used various adoptive-transfer systems in which the innate immune cells in recipient mice were Nod2 sufficient, whereas the donor T cells were either Nod2 sufficient or Nod2 deficient. First we probed whether Nod2 −/− T cells were able to undergo homeostatic proliferation or 'lymphopeniainduced proliferation', a space-driven expansion of T cell populations that acts as a compensatory mechanism to restore the peripheral T lymphocyte pool in conditions of lymphopenia 12 . Nod2 −/− donor T cells, when transferred alone, persisted in a lymphopenic host (Supplementary Fig. 5a ). However, when transferred together with wild-type CD4 + T cells into the same hosts, Nod2-deficient T cells underwent little lymphopenia-induced proliferation ( Supplementary  Fig. 5b ). This result suggests that Nod2 −/− cells are unsuccessful at competing for the limited resources required for such proliferation.
As an additional test to evaluate the role of Nod2 in regulating T cell function, we used a mouse model of colitis in which the transfer of purified CD4 + CD25 − CD45RB hi T cells into recombinationactivating gene 1-deficient (Rag1 −/− ) mice leads to colitis driven by T H 1 cytokines 13, 14 . Wild-type CD4 + CD25 − CD45RB hi T cells induced wasting disease, as predicted (Fig. 7a) . In contrast, Rag1 −/− mice reconstituted with Nod2 −/− CD4 + CD25 − CD45RB hi T cells remained healthy and none developed wasting disease, as shown by their increase in body weight (Fig. 7a) . By gross examination, the large intestine was thickened in Rag1 −/− recipients of wild-type CD4 + CD25 − CD45RB hi cells but not in Rag1 −/− recipients of Nod2 −/− CD4 + CD25 − CD45RB hi cells (Fig. 7b) . Microscopic examination of the small and large intestines isolated from Rag1 −/− mice reconstituted with wild-type CD4 + CD25 − CD45RB hi cells showed greater accumulation of inflammatory cells (Fig. 7c) . In contrast, sections from the intestines of Rag1 −/− recipients of Nod2 −/− CD4 + CD25 − CD45RB hi cells showed substantially less severe histological lesions (Fig. 7c) . Consistent with the microscopic examination, Rag1 −/− recipients of Nod2-deficient T cells had lower histological scores (Fig. 7c) , and T cells in the mesenteric lymph nodes of these mice produced less IFN-γ (Fig. 7d) . Together these data support the idea of a direct role for Nod2 in regulating T cell function.
Nod2 binds c-Rel and enhances Il2 transcription
The blunted lymphopenia-induced proliferation, T cell-driven colitis and IL-2 secretion by Nod2 −/− T cells suggested that Nod2 As TCR-driven phosphorylation of the mitogen-activated protein kinases Jnk, p38 and Erk was similar in wild-type and Nod2 −/− T cells (Supplementary Fig. 6 ), we investigated whether Nod2 is involved in the CD28 costimulatory signaling pathway. The production of IL-2 in response to CD28 costimulation depends on activation of the transcription factor NF-κB subunit c-Rel, which interacts with the NF-κB-binding sites as well as CD28-responsive elements (CD28REs) in the proximal Il2 promoter region 15, 16 . The relevance of c-Rel for IL-2 production is underscored by the observation that T cells from c-Reldeficient mice show a profound deficiency in IL-2 production 17 . The ability of c-Rel to interact with CD28REs to induce IL-2 production is regulated by NF-κB-inducing kinase (NIK; also called MAP3KI4) 18 . T cells from alymphoplasia (aly/aly) mice that bear a mutation in the gene encoding NIK also show defects in IL-2 secretion in response stimulation with antibody to CD3 (anti-CD3) and anti-CD28 (ref. 19) . Given those findings, we hypothesized that Nod2 may interact with c-Rel and/or NIK in T lymphocytes to promote IL-2 production. To determine if Nod2 can interact with c-Rel or NIK, we transiently transfected human embryonic kidney (HEK293T) cells with expression vectors encoding c-Rel, NIK and/or Nod2. As reported before 20 , NIK immunoprecipitated together with Nod2 (Fig. 8a) . Notably, c-Rel was also present in Nod2 immunoprecipitates (Fig. 8a) . When Nod2, NIK and c-Rel were coexpressed simultaneously, both NIK and c-Rel immunoprecipitated together with Nod2 ( Fig. 8a) , which suggests that these three proteins can form a tertiary complex. As a specificity control, Bcl-10, which is known to have a role in T cell receptor signaling, associated with adaptor CARMA1, as reported before 21, 22 ; however, we observed no interaction between Bcl-10 and Nod2 (Fig. 8a) Having established the existence of an interaction among Nod2, NIK and c-Rel, we next assessed whether Nod2 has a function in regulating IL-2 transcription induced by CD28 costimulation in Jurkat T cells. We transiently transfected cells with a CD28RE-AP-1 reporter construct along with various combinations of NIK, c-Rel and/or Nod2 expression vectors. As expected, transfection of c-Rel substantially upregulated transcription of the CD28RE-AP-1 reporter, and the presence of NIK synergistically enhanced the ability of c-Rel to upregulate this transcription 18 . Notably, Nod2 synergistically enhanced c-Rel-driven CD28RE-AP-1 reporter activity, and coexpression of c-Rel, NIK and Nod2 resulted in maximum activation of the CD28RE-AP-1 element, despite the finding that Nod2 by itself or in the presence of NIK did not induce any significant reporter activity (Fig. 8b) . These results are consistent with a positive role for Nod2 in the transcriptional regulation of Il2.
Finally, the finding that Nod2 interacted with both NIK and c-Rel prompted us to assess whether Nod2 deficiency could affect nuclear accumulation of c-Rel, an event critical for Il2 transcription. We prepared nuclear extracts from CD28-costimulated wild-type and Nod2 −/− T cells and assessed the presence of nuclear c-Rel. Consistent with published studies 16 , we observed substantial nuclear accumulation of c-Rel in wild-type cells after 6-9 h of stimulation (Fig. 8c) . In contrast, Nod2 −/− cells had less than half that amount of nuclear c-Rel at the same time points after stimulation. The impaired nuclear accumulation of c-Rel was not a general defect affecting all NF-κB subunits induced after costimulation, as we observed similar amounts of phosphorylated p65 (another NF-κB subunit) in the nuclei of wildtype and Nod2 −/− cells (Fig. 8c) . Together these data suggest that the Nod2 is required for optimal nuclear accumulation of c-Rel and transcription of Il2.
DISCUSSION
Our study has demonstrated that Nod2 is required for host resistance to T. gondii. The greater susceptibility of Nod2 −/− mice after T. gondii infection was unexpected, given that Nod2 was initially identified as a sensor for intracellular bacteria. To our knowledge, T. gondii does not contain motifs analogous to the Nod2 agonist MDP. It is possible that Nod2 promotes host immune responses against T. gondii by 'sensing' other parasite-derived proteins injected into the host cytosol during the invasion process 23, 24 . However, this seems unlikely, given that T. gondii-infected Nod2 −/− DCs and macrophages had unimpaired cytokine secretion, as well as activation of mitogen-activated protein kinases (data not shown). Thus, the lower resistance of Nod2 −/− mice after T. gondii infection is not associated with defects in pathogen recognition.
Our in vivo transfer experiments established that Nod2 has a T cell-intrinsic role in the generation of an effective T H 1 response. This work is the first to our knowledge to demonstrate that Nod2 is required for optimal IL-2 production by activated T cells. IL-2 has a multifaceted role in T cell biology, including T cell differentiation [25] [26] [27] . Accordingly, the attenuated IL-2 secretion by Nod2-deficient T cells manifests as a profound impairment in helper T cell differentiation. The addition of exogenous IL-2 during in vitro polarization was sufficient to fully rescue the impaired T H 2 differentiation of naive Nod2 −/− CD4 + T cells and to partially (>65%) rescue their impaired T H 1 differentiation. That finding suggests that Nod2 promotes T H 1 differentiation through IL-2-dependent and IL-2-independent pathways. Furthermore, the presence of wild-type CD4 + T cells in vivo was able to partially rescue Nod2 −/− mice after parasite challenge, presumably because of the paracrine action of IL-2 produced by wild-type CD4 + T lymphocytes 28 . Thus, the impaired IL-2 production by Nod2 −/− T cells during activation is sufficient to alter helper T cell differentiation, thereby resulting in lower resistance of Nod2 −/− mice to T. gondii, a pathogen known to induce a vigorous T H 1 response.
The observed impaired T cell function in the absence of Nod2 was not limited to IFN-γ production after T. gondii infection but also included lymphopenia-induced T cell population expansion and T cell-driven colitis, two models systems that are positively driven by interaction of the TCR and the coreceptor CD28 with complexes of peptide and major histocompatibility complex and with B7 molecules, respectively, on accessory cells [29] [30] [31] [32] [33] . Given that TCR signaling seemed to be largely intact in the absence of Nod2, we hypothesized that Nod2 may affect the CD28 signaling pathway, which results in the activation of genes that depend on c-Rel or NF-κB p50-p65 complexes 33 . Genes that belong to the former category include IL-2 (ref. 17). Our results demonstrating that Nod2 can interact with c-Rel and NIK and that the presence of Nod2 boosts Il2 reporter element transcription induced by c-Rel and NIK support our hypothesis that Nod2 acts downstream of the CD28 signaling pathway. Furthermore, nuclear accumulation of c-Rel was lower in the absence of Nod2. Together our data suggest not only that Nod2 can interact with c-Rel but also that this interaction facilitates the nuclear entry of c-Rel required for Il2 transcription.
It is conceivable that Nod2, which contains two amino-terminal CARDs, functions as a scaffolding protein that promotes interaction with other CARD-containing proteins, such as Bcl-10 and CARD11, which have been demonstrated to promote NF-κB signaling after T cell activation 34 . However, this seems unlikely, given that interaction between Nod2 and Bcl-10 was undetectable and that Nod2 −/− T cells are phenotypically distinct from T cells lacking Bcl-10 or CARD11 (refs. 35,36) . In addition to containing CARDs, Nod2 contains a series of carboxy-terminal leucine-rich repeats that may mediate proteinprotein interactions 37 . Thus, given our findings, we propose that Nod2, in addition to sensing microbial products in innate immune cells such as macrophages and DCs, can also operate as a molecular scaffold that integrates costimulatory signals necessary for proper T cell function.
Nod2 activation in macrophages after MDP stimulation results in the recruitment and activation of RICK, a serine-threonine kinase essential for the activation of NF-κB and mitogen-activated protein kinases, resulting in the release of proinflammatory cytokines and chemokines 8 . In our studies, Nod2 activation in T cells seemed to trigger the induction of a distinct signaling pathway not shared with MDP-stimulated macrophages. During T. gondii infection, RICK was dispensable for the induction of an effective type 1 immune response; this finding is consistent with published results demonstrating that type 1 immune responses are normal in the absence of RICK 38, 39 . Together our data suggest that, at least in T cells, Nod2 has a function independent of MDP. Therefore, the two divergent signaling pathways induced by Nod2 may be dependent on the context of the stimulus, as well as the responding cell type.
The role of Nod2 in regulating T cell function has been the focus of recent studies. The results of these studies suggest differences in the requirements for Nod2 in promoting optimal antibody responses in various experimental conditions. For example, Nod2-deficient mice show normal OVA-specific T H 2 responses after immunization with a Nod1 agonist 40 and normal human serum albumin-specific production of immunoglobulin G after treatment with a TLR7 agonist 41 . In contrast, antigen-specific antibody production is lower in response to incomplete Freund's adjuvant and antigen (without the addition of either TLR or NLR agonists) in the absence of Nod2 (ref. 42 ). The last finding would be consistent with our observation that Nod2 regulates adaptive immunity independently of its innate role in 'sensing' MDP. The discrepancy in the requirements for Nod2 in generating effective adaptive immunity in these studies may be due to the use of different adjuvants, which could differentially influence the expression of other B7-related costimulatory molecules 43 and/or tumor necrosis factor receptor superfamily molecules 44 (which are involved in T cell activation) on antigen-presenting cells. Thus, the influence of Nod2 on adaptive immune responses in vivo may be determined by whether or not CD28 signaling is 'preferentially' required.
Although the precise mechanistic role of Nod2 in bridging the nuclear accumulation of c-Rel and transcription of Il2 in T cells remains to be fully elucidated, the in vivo relevance of Nod2 function in T cells was demonstrated by the challenge of Nod2 −/− mice with T. gondii. Our results are in accord with published reports demonstrating the requirement for IL-2 (ref. 45 ) and T cell-intrinsic expression of c-Rel 46 in host resistance to T. gondii. Furthermore, the impaired ability of Nod2 −/− T cells to proliferate homeostatically and drive colitis suggests a more global impairment in the ability of the host to mount an effective immune response in the absence of Nod2. Finally, our finding that Nod2 directly participates in the generation of adaptive immune responses underscores the importance of this protein in regulating both innate and adaptive immunity.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/. 
